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Abstract A numeric tool is presented for calculating
volumes of topographic voids such as slump scars of
landslides, canyons or craters (negative/concave morphol-
ogy), or alternatively, bumps and hills (positive/convex
morphology) by means of digital elevation models embed-
ded within a geographical information system (GIS). In this
study, it has been used to calculate landslide volumes. The
basic idea is that a (singular) event (landslide, meteorite
impact, volcanic eruption) has disturbed an intact surface
such that it is still possible to distinguish between the
former (undisturbed) landscape and the disturbance (crater,
slide scar, debris avalanche). In such cases, it is possible to
reconstruct the paleo-surface and to calculate the volume
difference between both surfaces, thereby approximating
the volume gain or loss caused by the event. I tested the
approach using synthetically generated land surfaces that
were created on the basis of Shuttle Radar Topography
Mission data. Also, I show the application to two real cases,
(1) the calculation of the volume of the Masaya Slide, a
submarine landslide on the Pacific continental slope of
Nicaragua, and (2) the calculation of the void of a segment
of the Fish River Canyon, Namibia. The tool is provided as
a script file for the free GIS GRASS. It performs with little
effort, and offers a range of interpolation parameters.
Testing with different sets of interpolation parameters
results in a small range of uncertainty. This tool should
prove useful in surface studies not exclusively on earth.
Introduction
In marine geohazard studies, it is often desirable to estimate
the volumes of rocks or sediments that have been displaced
by mass wasting processes. Such data are particularly
important as input parameters for numerical models serving
to calculate the tsunamogenic potential of past mass
wasting events (e.g., Watts et al. 2005). Depending on the
type of mass wasting process, characteristic morphological
features are created that in some way reflect the size of the
rock mass involved. Typically, at the head of the mass
wasting structure, the excavation of material leaves a
depression that is bounded by headwalls, whereas the
dislocated material is deposited downslope of the excava-
tion site. The dumped material can represent either the
whole initially removed mass (in the case of cohesive
material), a part thereof (if a fraction of the slide is removed
via turbidity currents, and distributed over larger areas), or
even a larger volume, if additional material is entrained in
the course of the transport from source to sink. The
deposited material can have a number of shapes, some of
which can be easily identified as being associated with
mass wasting (e.g., dislocated slump blocks and debris
lobes; e.g., Hampton et al. 1996; Hühnerbach and Masson
2004). The distance between the excavation site and the
deposition site can be anything from so short that both areas
overlap, to some hundreds of kilometers.
The volume of the material involved can be estimated
from both the negative (excavation, depression) and the
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positive morphology (slump mass), if certain criteria are
satisfied. The main criterion is that the paleo-surface be still
well preserved in the vicinity of the bathymetrical feature of
interest. In other words, the adjacent bathymetry would be
very similar to that existing prior to the event that gave rise
to the disturbance. Moreover, this background morphology
needs to be geometrically simple (e.g., a slump block
resting on an abyssal plain, or a spoon-shaped depression in
a smooth continental slope). Ideally, in the case of mass
wasting processes, there should be no overlap between the
evacuation site and the deposition site, so that both volumes
can be easily distinguished and calculated separately.
Swath bathymetric datasets of the seafloor are becoming
ever more available at increasing resolution and precision.
With growing coverage of submarine slopes of continental
margins and islands of the world, there has been enhanced
recognition of the importance of downslope transport
processes in shaping the seafloor. Indeed, the number of
detected and described submarine slides is increasing
continuously, as is our notion of their variability in size,
shape, and internal deformation (e.g., Masson et al. 2006).
Compared to these advances, however, our understanding
of triggering processes and boundary conditions lags
behind. In order to establish relations between climate,
sedimentation, seismicity, and the size and spatial frequen-
cy of landslides, a simple and effective tool, able to
calculate the volumes of submarine landslides, is evidently
needed. Such a tool is presented here, together with some
examples of application, and an evaluation of its perfor-
mance (error margin).
The estimation of the rock volumes involved in land
surface changes using digital elevation models derived from
remote sensing is not new. For events that happen at present
on land, one might directly compare the land surface form
prior to and after, or even during the disturbing process,
with high precision and resolution (e.g., Kerle 2002;
Tsutsui et al. 2007; Roering et al. 2009). For seafloor
processes of the past, we are generally working with data of
much lower resolution, and we are faced with the problem
of having to remodel the surface prior to the event (Canals
et al. 2004). In the majority of studies of mass wasting at
submarine slopes, the landslide scar volumes or the
corresponding deposited volumes are estimated by mapping
the surface area and assuming a mean thickness from
seismic cross sections (e.g., McAdoo et al. 2000; Tappin et
al. 2001; Imbo et al. 2003). In some studies, the surface is
restored by manually selecting and editing grid points of a
digital elevation model (DEM), which is a tiresome task for
a grid of some hundred to some thousand data points. Also,
once created, the resulting restored grids are unique
masterpieces. The task can be partly automatized by
extending bathymetric contour lines from either side of
the depression/elevated area across it, and interpolation in
between (e.g., Urgeles et al. 1999; Lamarche et al. 2008), or
by removing the scar area from the grid and triangulation
across the blank area (e.g., Vanneste et al. 2006). The main
benefit of “the healer” GIS (geographical information
system) tool lies in its ease of use, which enables one to
quickly calculate a number of models that could make
sense and thereby obtain a better idea of the possible ranges
of rock volume related to the event.
Some limitations of the method for landslide volume
estimation should be mentioned. First, the method accounts
only for changes of surfaces. In the case of buried slide
bodies, three-dimensional seismic data are necessary to
resolve the geometry (e.g., Gee et al. 2006; Winkelmann et
al. 2006). Second, the method resolves the bulk volume of
mass wasting deposits, i.e., the amount of displaced
material today. This volume may differ from the rock
volume removed, as the transport process produces an
increase in the material porosity (Lamarche et al. 2008).
This difference is related to the specific mass wasting
process and the transported material involved in a given
event.
Methodology
The tool described here, and named “the healer”, is written
for the open source Geographical Resources Analysis
Support System (GRASS; Neteler and Mitasova 2004) to
run on a UNIX/Linux platform. It makes use of standard
UNIX commands such as awk and the bash-shell, as well as
the basic calculator (bc), an arbitrary precision numeric
processing language that is provided with most Linux
distributions. It also uses commands of the Generic
Mapping Tools (GMT; Wessel and Smith 1998). I choose
this approach because GRASS is a very powerful and
flexible GIS platform, GMT is very popular among
geophysicists, both can be combined with UNIX and bc
commands in shell scripts, and all of the software is freely
available open source code. Most steps are done in a
graphical user interface (GUI), with some dialogs.
Basically, the script creates new elevation values for a
disturbed area, and performs an interpolation of these new
data points and the points of the undisturbed area, using
regularized spline with tension (Mitasova and Hofierka
1993). The following steps are executed:
1. The outline of the feature of interest is digitized as a
closed polygon. This polygon is used to mask the
original grid, and to export elevation values from
outside of the mask.
2. A small number of so-called reference profiles are
created outside of, but close to the masked area by
clicking their endpoints. They represent the undisturbed
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morphology, and serve as prototypes for calculating
new data points to fill the masked area. Reference
profiles should be straight lines that run either
perpendicular or parallel to the slope.
3. A number of so-called patch profiles are created that
span across the masked area. The endpoints have to lie
outside of the masked area, but close to it. Each patch
profile is related to a reference profile, and should follow
roughly the same direction as that of the corresponding
reference profile. Typically, for each reference profile
about 20 or more patch profiles are produced.
4. The script calculates new z values for the x,y positions
along the patch profiles, using the endpoint elevation
values of the patch profiles and the morphology of the
reference profiles. Thus, the masked area is being filled
assuming that the seafloor once looked similar to the
area covered by the reference profiles. The procedure is
demonstrated in Fig. 1.
5. A new grid of the “restored” surface is created by
interpolation of both the data points outside the masked
area, and the newly created data points that are binned
beforehand.
6. The differential volume between the original surface
and the restored surface is calculated. It serves as an
estimate of the volume gain or loss due to the event
causing the disturbance.
The script provides an immediate graphical control of
the restored surface. Normally, some iterations of step 3 are
performed whereby more patch profiles are added to the
data stack for interpolation in order to “stitch” enough data
points across the blank area, until a satisfactory morphology
is reached. Two parameters have a significant influence on
the results of the interpolation, these being the bin size of
the blockmean filter, B, and the tension parameter of the
interpolation, T. Binning is performed to preprocess the
newly created data points before interpolation. In this
process, all data points within a certain rectangular area
(the bin) are averaged to create a single value, which speeds
up interpolation and also acts as a smoothing filter. Grid
cell size I of the original grid and bin size B are expressed
as edge length of a square cell, and B should be a simple
multiple of I. The tension parameter determines the
character of the resulting surface, from thin plate (stiff) to
membrane (soft).
Results
In order to demonstrate the workflow, as well as to evaluate
errors and interpolation parameters, three examples are
presented below.
Example 1
Example 1 is a synthetic land surface, represented by a
digital elevation model of 1 by 1° size (resolution of 556×
556 m per pixel). It is based on a land surface of South
America extracted from the Shuttle Radar Topography
Mission dataset (SRTM; Farr et al. 2007), cleaned for
Fig. 1 Basic method of the creation of new elevation values along
profiles crossing the masked area (patch profiles). a Reference profile,
extracted from the area outside the masked area. b The profile is
normalized to its length, and the sea surface elevation is expressed as a
linear term plus deviation D(xn). c A patch profile is stretched across
the masked area. d Elevation values are attributed to the coordinates of
the individual points of the patch profile using a linear term between
its endpoints plus the scaled deviation D′(xn)
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erroneous pixels, re-gridded, and superimposed with a
simple box-shaped depression of defined volume. The
depression lies on the slope of a flat-topped mountain with
slope gradients <1°. The slope is partly incised by small
gullies. Using the script, it is possible to restore the surface,
and to calculate the volume of the depression serving as
disturbance. The performance of the method and the chosen
interpolation parameters can be evaluated by repeated trials
Fig. 2 Example 1: demonstra-
tion of the capability of the
method to restore a surface
using a modified landscape
superimposed with a box-shaped
depression of defined area and
volume: a original 1×1° grid of
the surface and central depres-
sion; b–d surfaces restored with
a different number of patch
profiles and changing interpola-
tion parameters. The deviation
from the known “missing”
volume decreases with increas-
ing number of patch profiles.
Elevation ranges from 478 to
1,400 m, contour line interval is
100 m
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(Fig. 2). The difference between known and calculated
volume gives a rough estimate of the range of uncertainty.
For example 1, 40 patch profiles are sufficient to restore
a surface that is sufficiently similar to the adjacent slope.
Using more patch profiles, and gridding parameters that
tend to smoothen the surface, improves the result in terms
of roughness of the surface and in terms of the volume
deviation, from ca. −10 to ca. −4%.
If the bin size B exceeds 10 and/or the tension parameter
T is lower than 10 (“stiff plate” character of resulting
surface), differences between the morphology of the basic
grid and the new grid outside of the masked area become
observable, as the new grid becomes blurred. Minor
blurring is observable in Fig. 3b (stippled box), where
some details of erosional gullies observable in the original
grid of Fig. 3a are lost.
Example 2
Like example 1, example 2 is a synthetic land surface
extracted from the SRTM dataset and superimposed with a
box-shaped depression. In this case, with the same
dimensions the resolution is higher (222×222 m). The
topography is steeper, with a gradient ranging between 0
and 3°, and more complex, with meandering gullies and
floodplain morphology, thus increasing the difficulty of the
task. Still, with 60 patch profiles, a satisfactory represen-
tation of a hypothetical paleo-surface was reached (Fig. 3b).
The calculated volume is close to the known volume
(deviation of −5.2%). The outline of the box is still visible
as a low-relief rim upslope, and a low-relief depression at
the downslope end of the masked feature. This is due to the
overlap of the patch profiles over the masked area.
Example 3
The third example is the real case of a submarine landslide
scar on the Pacific continental slope of Nicaragua, between
1,300 and 4,000 m water depth in a DEM of 14′×15′ and a
resolution of 100×100 m (150×200 pixels; Fig. 4). This
feature was observed during the Research Vessel SONNE
cruises SO163 and SO173 with a SIMRAD EM120 swath
bathymetry echosounder. It was termed the Masaya Slide,
and has been described by Harders et al. (2006) and
Talukder et al. (2008). I use this example to demonstrate the
steps to perform with the described script. In this case, 140
patch profiles, created from five reference profiles, were
necessary to produce a satisfactory model, fairly free of
blocky and stripy interpolation effects. Surprisingly, the
volume of the scar is more than double the estimate of
5.5 km3 reported by Harders et al. (2006). This value was
calculated by multiplying the scarp area with a thickness
derived from a sediment echosounder profile of the Para-
sound System. The mismatch might be due to the fact that
the Parasound System performs poorly on slopes exceeding
a gradient of some degrees.
Fig. 3 Example 2: operation on another synthetic landscape super-
imposed with a box-shaped depression: b shows the result after using
60 patch profiles; note that a “ghost” of the box shape remains; c
shows the effect of patch profile accumulation; compared to b, 20
patch profiles were added as a “cross stitch”. Elevation ranges from
250 to 1,900 m, contour line interval is 100 m. The stippled box
indicates a region where blurring of the grid produced by “the healer”
in relation to the original grid (a) is notable. Arrows in c indicate
position of the two reference profiles. Each reference profile coined 40
patch profiles to “stitch across” the depression
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Fig. 4 Example 3: real case study of a submarine landslide scar
offshore the Pacific coast of central Nicaragua (Masaya Slide): c
demonstrates the data point creation procedure where the masked area
outlined in red is patched by cross-stitching with patch profiles; d
displays one of the possible results. The volume of the void is much
higher than that estimated by Harders et al. (2006). Water depth ranges
from 1,300 to 4,000 m, contour line interval is 100 m
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Concluding remarks
The GRASS GIS tool described in, and provided with this
article serves well to reconstitute disturbed paleo-surfaces
with little effort. By variation of T and I, satisfactory results
can be reached with a small number of patch profiles. The
uncertainty can be estimated as the relative difference
between the known volumes of the synthetic anomalies in
examples 1 and 2, and the values calculated in a number of
model runs with the tool. The degree of uncertainty depends
on the areal extent and volume of the disturbance, and the
complexity and steepness of the background area. The
number of patch profiles needed to obtain satisfactory results
depends on the general morphological complexity of the
area, and the resolution of the basic grid. Also, the shape of
the blank area, as well as its orientation in relation to the
slope have some influence, as irregular shapes require more
reference profiles than do shapes with straight boundaries
that are aligned in line with or perpendicular to the slope.
It is stressed that the volumes calculated by means of
“the healer” represent only those features that are visible
from surface data. Depressions do become filled up by
subsequent events, and sediment bodies eroded. This aspect
has to be considered separately. The same applies to the fact
that slumped blocks might become partly buried as they
plough into soft sediments.
This simple and effective numeric tool to perform volume
calculations of submarine mass wasting features in the open
source GIS GRASS can be used in any other attempts to
assess volume changes due to surface processes, provided that
the paleo-surface is still well preserved adjacent to the
disturbance, and that it is geometrically not too complex.
Although not yet tested by the author, this tool should prove
useful in surface studies not exclusively on earth.
The script and the sample datasets of shown examples, as
well as a short, step-by-step guide (user manual) for the setup
and use of the script are provided in the “Supplementary
electronic material” of this article, available online to
authorized users.
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